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Neuronal expression of major histocompatibility complex I (MHC-I) has been implicated in
developmental synaptic plasticity and axonal regeneration in the central nervous system
(CNS), but recent findings demonstrate that constitutive neuronal MHC-I can also be
involved in neurodegenerative diseases by playing a neuroinflammtory role. Recent reports
demonstrate its expression in vitro and in human postmortem samples and support
a role in neurodegeneration involving proinflammatory cytokines, activated microglia
and increased cytosolic oxidative stress. Major histocompatibility complex I may be
important for both normal development and pathogenesis of some CNS diseases including
Parkinson’s.
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INTRODUCTION
The major histocompatibility complex (MHC) gene family
encodes molecules on the surface of cells that enable the immune
system to recognize presented self- and foreign-derived peptides
(Chemali et al., 2011). The MHC genes (in human, HLA-A,
-B, -C and HLA-DP, -DM, -DOA, -DOB, -DQ, -DR; in mouse,
H-2-K, -D, -L, and 2-I-A and I-E allomorphs) are generally
divided into three categories: class I, II or III. Class I MHC
(MHC-I) molecules are expressed by nearly every mammalian
cell class, while MHC class II (MHC-II) molecules are restricted
to cells of the immune system, such as macrophages and lym-
phocytes. In human, genes encoding for MHC-I and MHC-II
have a large number of alleles, leading to a great diversity of
sets of MHC molecules in our species. MHC class III genes
code for other immune system proteins, including components
of the complement system and proinflammatory cytokines, as
well as proteins not involved in immune function (Janeway et al.,
2001).
MHC-I consists of two non-covalently linked polypep-
tide chains, known as alpha (α) and beta 2 microglob-
ulin (β2m) chains (Cresswell et al., 2005). The complex
can bind a large set of antigenic peptide fragments derived
from degradation of intracellular proteins by the proteasome,
which requires the “transporter associated with antigen pro-
cessing” (TAP; Van Kaer et al., 1992). The MHC-I/peptide
complex is then transferred to a vesicle that fuses with the
plasma membrane to present the peptide fragment extracel-
lularly. These antigens can then be identified by cytotoxic T
lymphocytes (CTLs) or natural killer cells as “self ” or “non-
self ” peptides, which leads to various responses depending on
their receptors (Fleischer et al., 1986; Pawelec et al., 1986). If
CTLs recognize the peptides as non-self antigens, they kill the
presenting cells through the Fas or perforin pathways and/or
indirectly by the release of cytokines (Andersen et al., 2006;
Figure 1).
It has generally been presumed that the central nervous system
(CNS) is immune-privileged and that MHC-I is not expressed
by neurons (Lampson, 1995). However, accumulating data have
demonstrated MHC-I expression by subsets of neurons in both
adult and developing mammalian brain (for review, see Cullheim
and Thams, 2010). Many of these reports describe a role for neu-
ronal MHC-I in synaptic plasticity, brain development and axonal
regeneration. Recent studies suggest that neuronal expression of
this molecule is involved in neuroinflammatory processes and
participates in immune-mediated neurodegeneration. In partic-
ular, there have been many reports linking neuroinflammation
and Parkinson’s disease (PD; Tansey and Goldberg, 2010), and
new data from our group suggests that expression of MHC-I
by substantia nigra (SN) and locus coeruleus (LC) neurons may
be involved in these inflammatory processes (Cebrián et al.,
2014).
This review summarizes the pattern of expression and the
different implications of neuronal MHC-I in the brain, and
focuses in particular in the potential role of constitutive MHC-I
expression by specific subsets of neurons in neurodegenerative
diseases such as PD.
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FIGURE 1 | Model of a CD8+ cytotoxic T cell targeting an MHC-I
expressing cell. Intracellular antigens are digested by the proteasome into
small peptides. A specialized carrier, the transporter associated with
antigen processing (TAP) complex, translocates the peptide into the
endoplasmic reticulum (ER), allowing the antigen to bind MHC class I,
which consists of an alpha and beta 2 microglobulin (β2m) chain.
Endoplasmic reticulum-derived vesicles that contain the complex fuse with
the Golgi. The complex is then packaged in secretory vesicles that fuse
with the plasma membrane to insert the complex on the cell surface.
Major histocompatibility complex I molecules present antigens to CD8+
cytotoxic T cells. The T cell CD8+ molecule recognizes MHC-I, while TCRs
recognize specific antigenic peptides. The TCR complex contains CD3 and
ζ(zeta) chains. Once the CD8+ T cell recognizes the target cell, apoptosis
can occur in two ways: one uses the Fas ligand protein, which is
expressed on the surface of the CD8+ T cells and binds to the Fas
receptor on the target cell, which triggers apoptosis through the classical
caspase cascade. The other uses secretion of granzyme B and perforin
from T cell granules into the intercellular space between the cells.
PATTERN OF MHC-I EXPRESSION IN CNS NEURONS
Although the presence of MHC-I in the mature rodent CNS
was for many years thought to be confined to glial cells (Wong
et al., 1984), ensuing reports demonstrate MHC-I expression by
some neuronal populations, both in vitro, usually triggered by
exposure to interferon gamma (IFN-γ), and in vivo. The initial
such study showed that MHC-I genes expression were induced
by IFN-γ in cultured rat hippocampal neurons (Neumann et al.,
1995).
Subsequently, mRNA for MHC-I was identified in nuclei of
neonatal and adult rodent brain including the SN, brainstem
motor neurons (Lindå et al., 1999), lateral geniculate nucleus
(LGN), cortex, hippocampus (Huh et al., 2000) and cerebel-
lum (Letellier et al., 2008). In aged rat motoneurons, mRNA
for MHC-I and β2m increased with age (Edström et al.,
2004).
Multiple groups reported expression of MHC-I subunits by
immunolabel in CNS regions including cingulate cortex and hip-
pocampus (Needleman et al., 2010; Liu et al., 2013), with expres-
sion gradually decreasing as neonatal mice reached adulthood
(Liu et al., 2013). A recent study shows that MHC-I proteins are
widely expressed in the developing mouse CNS at mid-gestation
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(E9.5–10.5), including the neuroepithelium and olfactory placode
(Chacon and Boulanger, 2013).
In human brain, MHC-I expression was initially reported in
microglia and endothelial cells of the hippocampus in control
individuals and Alzheimer’s disease patients (Tooyama et al.,
1990), but not in neurons. In contrast, MHC-II immunolabeling
microglia, but not neurons, was shown in the SN of patients
with Alzheimer’s disease and PD (McGeer et al., 1988), and in
the hippocampus of patients with dementia with Lewy bodies
(Imamura et al., 2005).
The neuronal expression of MHC-I in human brain has to date
only been reported in a few studies. The first was a study of a child-
hood viral infection, Rasmussen’s encephalitis, in which immuno-
label for the MHC-I component, β2m, was present in cortical and
hippocampal neurons (Bien et al., 2002); more recently, MHC-I
immunolabel was observed in dysmorphic/dysphasic cortical
neurons of focal cortical dysplasia, tuberous sclerosis complex and
ganglioglioma cases (Prabowo et al., 2013).
Most of the reports on MHC-I expression in human CNS
neurons have been restricted to early development. In the embryo,
β2m immunolabel was observed at 29–31 gestational weeks in the
LGN of the dorsal thalamus, but was nearly absent by postnatal
day 55, and was completely absent in the adult (Zhang et al.,
2013b). In the human visual cortex, MHC-I was not observed
at any gestational or postnatal stage (Zhang et al., 2013b), while
the expression of MHC-I was very low in the hippocampus at
20 gestational weeks and slowly increased during weeks 27–33. A
rapid increase in MHC-I molecule expression was found in the
subiculum that reached high levels at 31–33 gestational weeks,
but no expression of MHC-I was found in the adult hippocampus
(Zhang et al., 2013a).
Several neurodegenerative disorders including PD are well
established to display neuroinflammatory components and neu-
ronal death (Tansey and Goldberg, 2010). As MHC-I is involved
in antigen presentation and cell death (Chemali et al., 2011),
we investigated its role in the degeneration of catecholamine
neurons that are targeted in PD. Using immunolabel, mass spec-
troscopy, and mRNA analysis from laser captured neurons of
adult control individuals and PD patients (Cebrián et al., 2014),
we found that MHC-I is expressed by SN dopaminergic (DA)
and LC norepinephrinergic (NE) neurons. Further analysis of
isolated neuromelanin (NM) from these neurons by mass spec-
troscopy identified specific HLA alleles of MHC-I recovered from
SN neurons, providing means to genotype the HLA type from
neurons in postmortem human brain. Most of the immuno-
label appeared to be present in NM, which are contained in
modified autophagic lysosomes, but membrane preservation in
postmortem human tissue is too poor to clearly ascertain whether
the MHC-I is actually present on the plasma membrane at the
time of death.
Our data from human tissue were supported by in vitro
experiments that show DA human neurons derived from human
embryonic stem cells normally do not express MHC-I but will do
so following exposure to IFN-γ. Cultured primary catecholamine
murine neurons also normally do not express MHC-I, but do
so upon exposure to IFN-γ, activated microglia or exposure
to high levels of L-dihydroxyphenylalanine (L-DOPA), and are
far more susceptible to MHC-I induction than other neuronal
populations tested, including cortical, striatal and thalamic neu-
rons (Cebrián et al., 2014). These findings suggest that neuronal
MHC-I expression and antigen display in catecholamine neu-
rons may be triggered by microglial activation or high cytoso-
lic DA, which in the presence of the appropriate antigen and
CTLs could play a role in neuronal death during diseases in
which CNS inflammation is robust. Thus, these results suggest
reason to further explore roles for activated microglia, antigen
presentation, neuronal MHC-I expression and recruitment of
CTLs in neurodegenerative diseases, including PD, that feature
the presence of T cells, activated microglia, intracellular oxida-
tive stress and aggregates of alpha-synuclein (α-syn) in the SN
and LC. These data may set a stage for understanding selective
CTLs/MHC-I mediated neurodegeneration and set the basis for
redefining the immunological component of PD, as well as pro-
vide evidence for a novel mechanism of neuronal death due to
T-cell activity on which new therapies and treatments could be
based.
ROLES FOR MHC-I IN BRAIN DEVELOPMENT AND SYNAPTIC
PLASTICITY
It is well established that developing neurons express MHC-I
(Shatz, 2009). A phenomenon implicated in development and
maintenance of neuronal circuitry in the visual system (for review
see Higenell and Ruthazer, 2010), the hippocampus, the cere-
bellum and the cortex (Ribic, 2012). Major histocompatibility
complex I expression by developing neurons may be involved in
retrograde signaling that regulates synaptic structure (Goddard
et al., 2007). Neuronal MHC-I signaling may in some cases require
regulators of cellular differentiation (Potthoff and Olson, 2007)
known as myocyte enhancer factor 2 transcription factors (Elmer
et al., 2013) to eliminate synapses during brain development.
In the visual system, mice deficient for MHC-I or the T
cell receptor (TCR) subunit, CD3zeta (also known as CD247),
exhibit reduced retinal synaptic activity, incomplete develop-
mental refinement of connections between retina and its central
targets, and reduced retinal ganglion cell dendritic motility with
increased dendritic density (Xu et al., 2010). Ocular dominance
plasticity during development was enhanced in mice lacking PirB,
an innate immune receptor that binds MHC-I, or mice lacking
H2-Kb and H2-Db, the two classical MHC-I αchains of C57BL/6
mice (Datwani et al., 2009). Mice that lacked H2-Db and H2-
Kb also showed defects in synapse elimination and formation of
eye-specific layers in visual processing areas of the brain, which
was rescued by restoring H2-Db expression selectively in CNS
neurons (Lee et al., 2014). Interestingly, in retina-thalamic co-
cultures, a soluble form of MHC-I inhibited retinal outgrowth to
thalami that expressed high neuronal MHC-I (Washburn et al.,
2011).
There is also evidence that neuronal MHC-I acts to regu-
late synapses in the hippocampus. An initial report (Corriveau
et al., 1998) showed that MHC-I expression was increased by
seizure. Later reports showed a variety of effects on synaptic
plasticity. In mice deficient for the TCR subunit CD3zeta, hip-
pocampal long-term potentiation was enhanced and long-term
depression was absent (Huh et al., 2000). Other reports indicate
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that neuronal MHC-I inhibits NMDAR function (Fourgeaud
et al., 2010) and is critical for hippocampus-dependent mem-
ory (Nelson et al., 2013). These effects may in part be due
to altered synaptic morphology, as hippocampal neurons with
high levels of MHC-I maintain accelerated neurite outgrowth
and polarization with more primary neurites (Bilousova et al.,
2012). There thus appears to be a number of interacting pathways
that can be influenced by MHC-I expression in hippocampal
synapses.
Neuronal MHC-I expression has also been shown to regulate
long-term depression and limit motor learning in cerebellum
(McConnell et al., 2009) and the density and function of cortical
synapses in vitro and in vivo (Glynn et al., 2011).
ROLES FOR MHC-I IN AXONAL REGENERATION
Neuronal MHC-I expression is further implicated in models
of axonal regeneration. Peripheral nerve transection in MHC-I
knockout mice resulted in more extensive detachments from
presynaptic terminals from perikarya and dendrites of axo-
tomized neurons than wild-type animals (Oliveira et al., 2004).
These results suggest that MHC-I molecules regulate the ability of
neurons to regenerate axons.
A subsequent study found that in mice with strong axonal
regrowth potential, axotomy produced a pronounced upregu-
lation of MHC-I in spinal cord and a rapid loss of afferents,
but that C57BL/6J mice, which exhibit poor axonal regenerative
potential, displayed less MHC-I increase and a slower stripping
of the synapses. These results suggest that neuronal expression
of MHC-I during the first week after lesion enhances axonal
regeneration (Sabha et al., 2008), and support the observation
that elevated neuronal MHC-I expression promotes the recovery
of locomotor abilities after spinal cord injury (Joseph et al., 2011).
It has thus been suggested that MHC-I and MHC-I receptors may
provide new targets to promote neurorepair following injury (Wu
et al., 2011).
Previous data suggest that enhanced levels of neuronal MHC-I
facilitate axonal regeneration, although it is still unclear how this
molecule might help axons to recover after a lesion. Shatz (2009)
have shown that PirB, an immune receptor that binds MHC-I, is
highly expressed in neurons of particular brain regions, including
the cerebral cortex, the olfactory bulb and the cerebellum. PirB
is also located in growth cones and axons of cerebral cortical
neurons in vitro (Syken et al., 2006). It has been proposed
that MHC-I is located postsynaptically near glutamate receptors,
whereas PirB is present presynaptically in axonal growth cones
of cortical neurons in vitro. In that model, PirB would signal
when bound to MHC-I located across the synapse. Since neu-
ral activity regulates MHC-I expression levels, PirB could also
regulate downstream signaling cascades in an activity-dependent
manner (Shatz, 2009). This sequence of events may explain
why an increase of MHC-I/PirB molecules facilitates axonal
regeneration.
An alternate explanation is based on a recent report on
Cx3cr1, a chemokine receptor highly expressed in microglia (Wolf
et al., 2013). Cx3cr1 deficiency causes a transient reduction of
microglia during the early postnatal period and a consequent
deficit in synaptic pruning, which is associated with weak synaptic
transmission and decreased functional brain connectivity (Zhan
et al., 2014). A lack of neuronal MHC-I could be related to a
decrease of microglia, while increased neuronal MHC-I could
promote a higher number of microglial cells that according to
Zhang et al. (2014) could improve synaptic pruning and recovery
of axons after a lesion.
IS NEURONAL MHC-I IMMUNOLOGICALLY FUNCTIONAL?
During a period when neurons were generally regarded as MHC-I
deficient, Medana et al. (2000) identified immunological func-
tions of MHC-I in cultured neurons. They induced MHC-I
and Fas receptor in murine hippocampal neurons with IFN-
γ: the Fas receptor promotes apoptosis when it interacts with
Fas ligand, a type-II transmembrane protein on T cells (Wajant,
2002; Figure 1). The MHC-I positive neurons were then chal-
lenged with the peptide GP33, an epitope of the lymphocytic
choriomeningitis virus envelope glycoprotein, and with allore-
active CTLs to GP33. The MHC-I-expressing neurons pulsed
with GP33, but not a control peptide, were killed by GP33-
specific CTLs in a manner that did not require perforin, a pore-
forming cytolytic protein released from CTLs granules (Tschopp
et al., 1986), but did require Fas/FasL (Medana et al., 2000). A
subsequent study reported that perforin, however, can play a role
in CTL/neuron interactions by silencing neuronal activity prior
to cell death (Meuth et al., 2009). Together, the Medana and
Meuth studies introduced the hypothesis that MHC-I express-
ing neurons could be selectively targeted and destroyed by
T cells.
ROLES FOR NEURONAL MHC-I IN VIRAL MEDIATED
NEUROINFLAMMATION, BRAIN DISEASE AND
NEURODEGENERATION
Pereira and Simmons (1999) showed that the H2 heavy chain
and β2m components of the MHC-I molecule were both present
on the surface of primary sensory neurons within 1–2 weeks
after herpes simplex virus infection; some of these neurons
were in close proximal association with T cells in vivo, sug-
gesting a possible immunological interaction between neuronal
MHC-I and T cells. Such an interaction was recently demon-
strated as brain-isolated CTLs were found to destroy neu-
rons infected with the neurotropic Borna disease virus in an
antigen- and MHC-I dependent manner. Neuronal apopto-
sis were detected only hours after initial contact (Chevalier
et al., 2011). Together, these studies indicate that the virus-
specific CTLs can act as immune effectors in CNS viral
infections.
The identification of neuronal MHC-I expression in human
is relatively recent, starting with a report on a childhood
viral infection, Rasmussen’s encephalitis (Bien et al., 2002).
In human autopsy, immunolabel for the MHC-I component,
β2m, was identified in cortical and hippocampal neurons, and
CTLs were found in close apposition to these neurons. Analysis
of the T cells demonstrated that there were clonal expan-
sions of a subset of CD8+ T cells, but that the distribu-
tion CD4+ cells was normal. Granzyme B, a T cell cytotoxic
molecule, was observed in CTLs in close appositions to neu-
rons and astrocytes (Schwab et al., 2009). Together, these
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data strongly support antigen-driven MHC-I restricted, CTL-
mediated attack against neurons and astrocytes in Rasmussen’s
encephalitis.
Recently, a strong upregulation of neuronal MHC-I was
reported in focal glioneuronal lesions associated with intractable
epilepsy. This induction of MHC-I in neuronal cells may also
be a feature of type II focal cortical dysplasia, tuberous sclerosis
complex and ganglioglioma (Prabowo et al., 2013).
Another recent study suggests that human LilrB2, an immune
cell receptor that binds MHC class I molecules and inhibits
immune response (Barrow and Trowsdale, 2008), is a β-amyloid
receptor, and that its murine homolog PirB regulates synaptic
plasticity in an Alzheimer’s disease rodent model (Kim et al.,
2013).
Multiple sclerosis (MS) has been linked to MHC-I and CTLs
in the CNS (Friese and Fugger, 2005). Axonal injury and loss
is a central determinant of irreversible neurological deficit and
disease progression in patients with MS, and axon injury is most
prominent within active, inflammatory demyelinated MS lesions
enriched in CTLs (Bjartmar and Trapp, 2001). A recent study
shows that axons are injured by antigen-specific CTLs through
a MHC-I and granzyme B-dependent mechanism (Sauer et al.,
2013), and suggests that CTLs may provide therapeutic targets
in MS.
Our findings in human postmortem samples of adult control
individuals and PD patients show that MHC-I is expressed by
SN DA and LC NE neurons (Cebrián et al., 2014) which may
have further implications for neurodegeneration. The proportion
of catecholamine LC neurons that expressed MHC-I in humans
was higher in controls than in PD subjects, which suggests that
neurons with MHC-I expression may be more prone to cell death
during the disease. The preference for MHC-I expression by
catecholamine neurons was replicated in cultured SN DA murine
neurons in which MHC-I was induced by IFN-γ and microglia
activated by NM or α-syn, substances found extracellularly in
postmortem PD brain, or by chronic exposure to the DA pre-
cursor, L-DOPA, which may be related to intracellular oxidative
stress due to high cytosolic levels of its metabolite, DA. We
found that cultured SN murine neurons can process and present
foreign protein antigens by MHC-I, and that in the presence
of the appropriate antigen and CTLs, the neurons are killed by
CTLs (Cebrián et al., 2014). These findings suggest that neuronal
MHC-I expression and antigen display by catecholamine neurons
can be triggered by microglial activation or high cytosolic DA,
features thought to be typical of PD, and that in the presence of
the appropriate antigen and CTLs, MHC-I could play a role in
neuronal death in diseases with robust CNS inflammation.
CONCLUSIONS
Neuronal MHC-I expression plays multiple roles. First, it reg-
ulates synaptic plasticity during brain development. Second, it
regulates axonal regeneration and the appropriate specification
of synaptic inputs following injury. Third, in neuronal dis-
eases including neurotropic viral infections, neuronal MHC-I
expression is upregulated and may initiate T cell mediated
responses. While current research in each of these areas is ongo-
ing, the suggestion of a role in neurodegenerative disease is the
most recent and the least understood: while there is a consensus
that many neurodegenerative diseases feature a robust inflamma-
tory response, it remains unclear how this is related to chronic
disease processes.
Our recent study demonstrates neuronal MHC-I expression
in both normal and PD adult brain; such expression to date
appears to be particular for catecholaminergic/monoaminergic
neurons. In vitro experiments indicate that DA primary
human neurons derived from human embryonic stem cells
and primary catecholamine murine neurons are more susceptible
to MHC-I induction by IFN-γ than other neuronal populations
(Cebrián et al., 2014), which may be related to unusually high
oxidative stress in these neurons. The findings suggest that an
immunologically-based mechanism may link activated microglia,
increased cytosolic oxidative stress and neuronal death of
catecholamine neurons in PD and other diseases of this system.
For PD, microglia activated by NM, native α-syn, modified α-syn,
or mutant α-syn release IFN-γ that in turn can induce MHC-I
expression in these neurons. The capacity of catecholamine
neurons to process and display antigens may thus render them
selective targets for T cell mediated cell death.
These possibilities are consistent with recent demonstrations
that microglia can be activated by substances released from
degenerating neurons in PD, such as α-syn (Zhang et al., 2007;
Béraud et al., 2013) or NM (Zhang et al., 2011, 2013c), and that
activated microglia can elicit neurotoxicity (Block et al., 2007;
Lull and Block, 2010; Zhao et al., 2013). Both NM and α-syn are
found extracellularly in the postmortem brain of PD patients
(Double, 2012), a disorder that features high levels of activated
microglia in the SN (Foix and Nicolesco, 1925) and high levels of
intracellular oxidative stress (Fahn and Sulzer, 2004). Parkinson’s
disease patient brain features increased IFN-γ (Mogi et al., 2007)
and chemokines (Harris et al., 2012), as well as a compromised
blood brain barrier (Farkas et al., 2000; German et al., 2012) that
may explain why CTLs are substantially higher in PD patients
than age-matched controls (Hisanaga et al., 2001; Brochard et al.,
2009). CD4+ T helper cells have also been shown to infiltrate the
brain in human PD postmortem samples and exert a cytotoxic
effect in mouse brain following nigrostriatal injury (Brochard
et al., 2009); thus, T cells and antigen presentation, as well as
activated microglia could play a role in PD pathogenesis.
Neuronal display of antigenic MHC-I could participate in a
range of additional neurological disorders. For example, Japanese
encephalitis virus can induce MHC-I expression in non-neuronal
cells by interferon type 1 (Abraham et al., 2010), while in
mice, IFN-γ plays a role in paraquat-induced neurodegeneration
(Mangano et al., 2012). Central nervous system-directed expres-
sion of IFN-γ produces basal ganglia calcification and nigros-
triatal degeneration (Chakrabarty et al., 2011). In human case
studies, a link is described between chronic hepatitis C patients
who were treated with type 1 interferon and developed PD-like
symptoms that reversed when the treatment was halted (Almeida
et al., 2009).
Together, these data indicate that in human brain, neuronal
MHC-I expression, antigen presentation and the presence of
T cells could occur simultaneously under certain circum-
stances, leading to the death of targeted neurons. In some
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FIGURE 2 | Scheme modeling an initial insult and disruption of the
blood brain barrier, with penetration of lymphocytes into the brain.
In the event of death of a few catecholamine neurons, alpha-synuclein
(α-syn) and neuromelanin (NM) are released to the extracellular space,
activating microglial cells that in turn release proinflammatory
substances such as interferon gamma (IFN-γ). This would induce major
histocompatibility class I expression (MHC-I) in the membrane of
catecholamine neurons, and if they contain proteins that are misfolded
or cannot be normally degraded, these might be presented as antigens
by MHC-I. Cytotoxic lymphocytes that enter the brain may recognize
these presented antigens and kill the neurons, which would again
release α-syn and NM. This could continue a vicious cycle that may
contribute to the death of catecholamine neurons in Parkinson’s
disease.
neurodegenerative diseases, and in particular for PD, we propose
that activation of lymphocytes in the periphery may occur in
response to self or non-self proteins, or as an initial insult and
disruption of the blood brain barrier, with a subsequent penetra-
tion of lymphocytes in the brain. When catecholamine neurons
die with subsequent release of α-syn and NM to the extracellular
space, the activation of microglial cells will release proinflam-
matory substances such as IFN-γ, leading to an upregulation of
MHC-I in the membrane of catecholamine neurons that could
present neuronally derived antigens. If lymphocytes are close,
they could recognize these antigens and target and kill the cell,
which would again release α-syn and NM (Figure 2), leading to
a vicious cycle that would enhance with time the neuronal death
and pathogenesis of PD.
Future studies are necessary to identify which antigens are
presented by MHC-I expressing catecholamine neurons and how
T cells might interact with them. If these interactions occur,
immune therapies used in other diseases including classical
autoimmune disorders such as Type 1 diabetes or MS may be
adapted to provide future treatments for PD.
ACKNOWLEDGMENTS
We thank the JPB and Parkinson’s Disease Foundations and the
Udall Center of Excellence at Columbia University for support on
related research. Carolina Cebrián has been supported by a Lucien
Cote Award from the Parkinson’s Disease Foundation and by the
Caja Madrid Foundation.
REFERENCES
Abraham, S., Nagaraj, A. S., Basak, S., and Manjunath, R. (2010). Japanese
encephalitis virus utilizes the canonical pathway to activate NF-kappaB but
it utilizes the type I interferon pathway to induce major histocompatibility
complex class I expression in mouse embryonic fibroblasts. J. Virol. 84, 5485–
5493. doi: 10.1128/JVI.02250-09
Frontiers in Neuroanatomy www.frontiersin.org October 2014 | Volume 8 | Article 114 | 6
Cebrián et al. Role of MHC-I in neurons
Almeida, C. M., Galvão Mde, L., Ferreira, P. L., and Braga, W. S. (2009). Interferon-
induced Parkinsonism in a patient with chronic hepatitis C. Arq. Neuropsiquiatr.
67, 715–716. doi: 10.1590/s0004-282x2009000400031
Andersen, M. H., Schrama, D., Thor Straten, P., and Becker, J. C. (2006). Cytotoxic
T cells. J. Invest. Dermatol. 126, 32–41. doi: 10.1038/sj.jid.5700001
Barrow, A. D., and Trowsdale, J. (2008). The extended human leukocyte receptor
complex: diverse ways of modulating immune responses. Immunol. Rev. 224,
98–123. doi: 10.1111/j.1600-065X.2008.00653.x
Béraud, D., Hathaway, H. A., Trecki, J., Chasovskikh, S., Johnson, D. A., Johnson,
J. A., et al. (2013). Microglial activation and antioxidant responses induced
by the Parkinson’s disease protein α-synuclein. J. Neuroimmune Pharmacol. 8,
94–117. doi: 10.1007/s11481-012-9401-0
Bien, C. G., Bauer, J., Deckwerth, T. L., Wiendl, H., Deckert, M., Wiestler, O. D.,
et al. (2002). Destruction of neurons by cytotoxic T cells: a new pathogenic
mechanism in Rasmussen’s encephalitis. Ann. Neurol. 51, 311–318. doi: 10.
1002/ana.10100
Bilousova, T., Dang, H., Xu, W., Gustafson, S., Jin, Y., Wickramasinghe, L.,
et al. (2012). Major histocompatibility complex class I molecules modulate
embryonic neuritogenesis and neuronal polarization. J. Neuroimmunol. 247,
1–8. doi: 10.1016/j.jneuroim.2012.03.008
Bjartmar, C., and Trapp, B. D. (2001). Axonal and neuronal degeneration in multi-
ple sclerosis: mechanisms and functional consequences. Curr. Opin. Neurol. 14,
271–278. doi: 10.1097/00019052-200106000-00003
Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. doi: 10.
1038/nrn2038
Brochard, V., Combadière, B., Prigent, A., Laouar, Y., Perrin, A., Beray-Berthat, V.,
et al. (2009). Infiltration of CD4+ lymphocytes into the brain contributes to
neurodegeneration in a mouse model of Parkinson disease. J. Clin. Invest. 119,
182–192. doi: 10.1172/JCI36470
Cebrián, C., Zucca, F. A., Mauri, P., Steinbeck, J. A., Studer, L., Scherzer, C. R.,
et al. (2014). MHC-I expression renders catecholaminergic neurons susceptible
to T-cell-mediated degeneration. Nat. Commun. 5:3633. doi: 10.1038/ncomms
4633
Chacon, M. A., and Boulanger, L. M. (2013). MHC class I protein is expressed
by neurons and neural progenitors in mid-gestation mouse brain. Mol. Cell.
Neurosci. 52, 117–127. doi: 10.1016/j.mcn.2012.11.004
Chakrabarty, P., Ceballos-Diaz, C., Lin, W. L., Beccard, A., Jansen-West, K.,
McFarland, N. R., et al. (2011). Interferon-γ induces progressive nigrostriatal
degeneration and basal ganglia calcification. Nat. Neurosci. 14, 694–696. doi: 10.
1038/nn.2829
Chemali, M., Radtke, K., Desjardins, M., and English, L. (2011). Alternative
pathways for MHC class I presentation: a new function for autophagy. Cell. Mol.
Life Sci. 68, 1533–1541. doi: 10.1007/s00018-011-0660-3
Chevalier, G., Suberbielle, E., Monnet, C., Duplan, V., Martin-Blondel, G.,
Farrugia, F., et al. (2011). Neurons are MHC class I-dependent targets for CD8
T cells upon neurotropic viral infection. PLoS Pathog. 7:e1002393. doi: 10.
1371/journal.ppat.1002393
Corriveau, R. A., Huh, G. S., and Shatz, C. J. (1998). Regulation of class I MHC
gene expression in the developing and mature CNS by neural activity. Neuron
21, 505–520. doi: 10.1016/s0896-6273(00)80562-0
Cresswell, P., Ackerman, A. L., Giodini, A., Peaper, D. R., and Wearsch, P. A.
(2005). Mechanisms of MHC class I-restricted antigen processing and cross-
presentation. Immunol. Rev. 207, 145–157. doi: 10.1111/j.0105-2896.2005.
00316.x
Cullheim, S., and Thams, S. (2010). Classic major histocompatibility complex class
I molecules: new actors at the neuromuscular junction. Neuroscientist 16, 600–
607. doi: 10.1177/1073858410381534
Datwani, A., McConnell, M. J., Kanold, P. O., Micheva, K. D., Busse, B., Shamloo,
M., et al. (2009). Classical MHCI molecules regulate retinogeniculate refinement
and limit ocular dominance plasticity. Neuron 64, 463–470. doi: 10.1016/j.
neuron.2009.10.015
Double, K. L. (2012). Neuronal vulnerability in Parkinson’s disease. Parkinsonism
Relat. Disord. 18(Suppl. 1), S52–S54. doi: 10.1016/S1353-8020(11)70018-9
Edström, E., Kullberg, S., Ming, Y., Zheng, H., and Ulfhake, B. (2004). MHC
class I, beta2 microglobulin and the INF-gamma receptor are upregu-
lated in aged motoneurons. J. Neurosci. Res. 78, 892–900. doi: 10.1002/jnr.
20341
Elmer, B. M., Estes, M. L., Barrow, S. L., and McAllister, A. K. (2013). MHCI
requires MEF2 transcription factors to negatively regulate synapse density
during development and in disease. J. Neurosci. 33, 13791–13804. doi: 10.
1523/JNEUROSCI.2366-13.2013
Fahn, S., and Sulzer, D. (2004). Neurodegeneration and neuroprotection in Parkin-
son disease. NeuroRx 1, 139–154. doi: 10.1602/neurorx.1.1.139
Farkas, E., De Jong, G. I., de Vos, R. A., Jansen Steur, E. N., and Luiten, P. G.
(2000). Pathological features of cerebral cortical capillaries are doubled in
Alzheimer’s disease and Parkinson’s disease. Acta Neuropathol. 100, 395–402.
doi: 10.1007/s004010000195
Fleischer, B., Schrezenmeier, H., and Wagner, H. (1986). Function of the CD4
and CD8 molecules on human cytotoxic T lymphocytes: regulation of T cell
triggering. J. Immunol. 136, 1625–1628.
Foix, C., and Nicolesco, J. (1925). “Suivi d’un apéndice sur l’anatomie pathologique
de la maladie de Parkinson,” in Anatomie cérébrale. Les Noyaux Gris Centraux et
la Región Mésencéphalo-sous-optique, (Paris: Masson et Cie), 508–538.
Fourgeaud, L., Davenport, C. M., Tyler, C. M., Cheng, T. T., Spencer, M. B., and
Boulanger, L. M. (2010). MHC class I modulates NMDA receptor function
and AMPA receptor trafficking. Proc. Natl. Acad. Sci. U S A 107, 22278–22283.
doi: 10.1073/pnas.0914064107
Friese, M. A., and Fugger, L. (2005). Autoreactive CD8+ T cells in multiple
sclerosis: a new target for therapy? Brain 128(Pt. 8), 1747–1763. doi: 10.
1093/brain/awh578
German, D. C., Eagar, T., and Sonsalla, P. K. (2012). Parkinson’s Disease: a role for
the immune system. Curr. Mol. Pharmacol. 5, 340–349.
Glynn, M. W., Elmer, B. M., Garay, P. A., Liu, X. B., Needleman, L. A., El-Sabeawy,
F., et al. (2011). MHCI negatively regulates synapse density during the estab-
lishment of cortical connections. Nat. Neurosci. 14, 442–451. doi: 10.1038/nn.
2764
Goddard, C. A., Butts, D. A., and Shatz, C. J. (2007). Regulation of CNS synapses
by neuronal MHC class I. Proc. Natl. Acad. Sci. U S A 104, 6828–6833. doi: 10.
1073/pnas.0702023104
Harris, T. H., Banigan, E. J., Christian, D. A., Konradt, C., Tait Wojno, E. D., Norose,
K., et al. (2012). Generalized Lévy walks and the role of chemokines in migration
of effector CD8+ T cells. Nature 486, 545–548. doi: 10.1038/nature11098
Higenell, V., and Ruthazer, E. S. (2010). Layers upon layers: MHC class I acts in
the retina to influence thalamic segregation. Neuron 65, 439–441. doi: 10.1016/j.
neuron.2010.02.008
Hisanaga, K., Asagi, M., Itoyama, Y., and Iwasaki, Y. (2001). Increase in peripheral
CD4 bright+ CD8 dull+ T cells in Parkinson disease. Infiltration of CD4+
lymphocytes into the brain contributes to neurodegeneration in a mouse model
of Parkinson disease. Arch. Neurol. 58, 1580–1583. doi: 10.1001/archneur.58.10.
1580
Huh, S. G., Boulanger, L. M., Du, H., Riquelme, P. A., Brotz, T. M., and Shatz,
C. J. (2000). Functional requirement for class I MHC in CNS development and
plasticity. Science 290, 2155–2159. doi: 10.1126/science.290.5499.2155
Imamura, K., Hishikawa, N., Ono, K., Suzuki, H., Sawada, M., Nagatsu, T.,
et al. (2005). Cytokine production of activated microglia and decrease
in neurotrophic factors of neurons in the hippocampus of Lewy body
disease brains. Acta Neuropathol. 109, 141–150. doi: 10.1007/s00401-004-
0919-y
Janeway, C. A. Jr., Travers, P., Walport, M., and Shlomchik, M. J. (2001). “The major
histocompatibility complex and its functions,” in Immunobiology: The Immune
System in Health and Disease, 5th Edn. (New York: Garland Science).
Joseph, M. S., Bilousova, T., Zdunowski, S., Wu, Z. P., Middleton, B., Boudzinskaia,
M., et al. (2011). Transgenic mice with enhanced neuronal major histocompat-
ibility complex class I expression recover locomotor function better after spinal
cord injury. J. Neurosci. Res. 89, 365–372. doi: 10.1002/jnr.22557
Kim, T., Vidal, G. S., Djurisic, M., William, C. M., Birnbaum, M. E., Garcia, K. C.,
et al. (2013). Human LilrB2 is a β-amyloid receptor and its murine homolog
PirB regulates synaptic plasticity in an Alzheimer’s model. Science 341, 1399–
1404. doi: 10.1126/science.1242077
Lampson, L. A. (1995). Interpreting MHC class I expression and class I/class II
reciprocity in the CNS: reconciling divergent findings. Microsc. Res. Tech. 32,
267–285. doi: 10.1002/jemt.1070320402
Lee, H., Brott, B. K., Kirkby, L. A., Adelson, J. D., Cheng, S., Feller, M. B., et al.
(2014). Synapse elimination and learning rules co-regulated by MHC class I H2-
Db. Nature 509, 195–200. doi: 10.1038/nature13154
Frontiers in Neuroanatomy www.frontiersin.org October 2014 | Volume 8 | Article 114 | 7
Cebrián et al. Role of MHC-I in neurons
Letellier, M., Willson, M. L., Gautheron, V., Mariani, J., and Lohof, A. M. (2008).
Normal adult climbing fiber monoinnervation of cerebellar Purkinje cells in
mice lacking MHC class I molecules. Dev. Neurobiol. 68, 997–1006. doi: 10.
1002/dneu.20639
Lindå, H., Hammarberg, H., Piehl, F., Khademi, M., and Olsson, T. (1999). Expres-
sion of MHC class I heavy chain and beta2-microglobulin in rat brainstem
motoneurons and nigral dopaminergic neurons. J. Neuroimmunol. 101, 76–86.
doi: 10.1016/s0165-5728(99)00135-6
Liu, J., Shen, Y., Li, M., Shi, Q., Zhang, A., Miao, F., et al. (2013). The expression
pattern of classical MHC class I molecules in the development of mouse central
nervous system. Neurochem. Res. 38, 290–299. doi: 10.1007/s11064-012-0920-0
Lull, M. E., and Block, M. L. (2010). Microglial activation and chronic neurodegen-
eration. Neurotherapeutics 7, 354–365. doi: 10.1016/j.nurt.2010.05.014
Mangano, E. N., Litteljohn, D., So, R., Nelson, E., Peters, S., Bethune, C.,
et al. (2012). Interferon-γ plays a role in paraquat-induced neurodegeneration
involving oxidative and proinflammatory pathways. Neurobiol. Aging 33, 1411–
1426. doi: 10.1016/j.neurobiolaging.2011.02.016
McConnell, M. J., Huang, Y. H., Datwani, A., and Shatz, C. J. (2009). H2-
K(b) and H2-D(b) regulate cerebellar long-term depression and limit motor
learning. Proc. Natl. Acad. Sci. U S A 106, 6784–6789. doi: 10.1073/pnas.09020
18106
McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive microglia
are positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s
disease brains. Neurology 38, 1285–1291. doi: 10.1212/WNL.38.8.1285
Medana, I. M., Gallimore, A., Oxenius, A., Martinic, M. M., Wekerle, H., and
Neumann, H. (2000). MHC class I-restricted killing of neurons by virus-
specific CD8+ T lymphocytes is effected through the Fas/FasL, but not
the perforin pathway. Eur. J. Immunol. 30, 3623–3633. doi: 10.1002/1521-
4141(200012)30:12<3623::aid-immu3623>3.0.co;2-f
Meuth, S. G., Herrmann, A. M., Simon, O. J., Siffrin, V., Melzer, N., Bittner, S.,
et al. (2009). Cytotoxic CD8+ T cell-neuron interactions: perforin-dependent
electrical silencing precedes but is not causally linked to neuronal cell death. J.
Neurosci. 29, 15397–15409. doi: 10.1523/JNEUROSCI.4339-09.2009
Mogi, M., Kondo, T., Mizuno, Y., and Nagatsu, T. (2007). p53 protein, interferon-
gamma and NF-kappaB levels are elevated in the parkinsonian brain. Neurosci.
Lett. 414, 94–97. doi: 10.1016/j.neulet.2006.12.003
Needleman, L. A., Liu, X. B., El-Sabeawy, F., Jones, E. G., and McAllister, A. K.
(2010). MHC class I molecules are present both pre-a and postsynaptically in
the visula cortex during postnatal development and in adulthood. Proc. Natl.
Acad. Sci. U S A 107, 16999–17004. doi: 10.1073/pnas.1006087107
Nelson, P. A., Sage, J. R., Wood, S. C., Davenport, C. M., Anagnostaras, S. G.,
and Boulanger, L. M. (2013). MHC class I immune proteins are critical for
hippocampus-dependent memory and gate NMDAR-dependent hippocampal
long-term depression. Learn. Mem. 20, 505–517. doi: 10.1101/lm.031351.113
Neumann, H., Cavalié, A., Jenne, D. E., and Wekerle, H. (1995). Induction of
MHC class I genes in neurons. Science 269, 549–552. doi: 10.1126/science.76
24779
Oliveira, A. L., Thams, S., Lidman, O., Piehl, F., Hökfelt, T., Kärre, K., et al. (2004). A
role for MHC class I molecules in synaptic plasticity and regeneration of neurons
after axotomy. Proc. Natl. Acad. Sci. U S A 101, 17843–17848. doi: 10.1073/pnas.
0408154101
Pawelec, G., Schneider, E. M., and Wernet, P. (1986). Acquisition of suppressive
activity and natural killer-like cytotoxicity by human alloproliferative “helper”
T cell clones. J. Immunol. 136, 402–411.
Pereira, R. A., and Simmons, A. (1999). Cell surface expression of H2 antigens on
primary sensory neurons in response to acute but not latent herpes simplex virus
infection in vivo. J. Virol. 73, 6484–6489.
Potthoff, M. J., and Olson, E. N. (2007). MEF2: a central regulator of diverse devel-
opmental programs. Development 134, 4131–4140. doi: 10.1242/dev.008367
Prabowo, A. S., Iyer, A. M., Anink, J. J., Spliet, W. G., van Rijen, P. C., and Aronica,
E. (2013). Differential expression of major histocompatibility complex class
I in developmental glioneuronal lesions. J. Neuroinflammation 10:12. doi: 10.
1186/1742-2094-10-12
Ribic, A. (2012). “Immune privilege revisited: the roles of neuronal MHC class I
molecules in brain development and plasticity,” Histocompatibility, ed B. Abdel-
Salam. doi: 10.5772/47956
Sabha, M. Jr., Emirandetti, A., Cullheim, S., and De Oliveira, A. L. (2008). MHC
I expression and synaptic plasticity in different mice strains after axotomy.
Synapse 62, 137–148. doi: 10.1002/syn.20475
Sauer, B. M., Schmalstieg, W. F., and Howe, C. L. (2013). Axons are injured by
antigen-specific CD8(+) T cells through a MHC class I- and granzyme B-
dependent mechanism. Neurobiol. Dis. 59, 194–205. doi: 10.1016/j.nbd.2013.
07.010
Schwab, N., Bien, C. G., Waschbisch, A., Becker, A., Vince, G. H., Dornmair,
K., et al. (2009). CD8+ T-cell clones dominate brain infiltrates in Rasmussen
encephalitis and persist in the periphery. Brain 132(Pt. 5), 1236–1246. doi: 10.
1093/brain/awp003
Shatz, C. J. (2009). MHC class I: an unexpected role in neuronal plasticity. Neuron
64, 40–45. doi: 10.1016/j.neuron.2009.09.044
Syken, J., Grandpre, T., Kanold, P. O., and Shatz, C. J. (2006). PirB restricts
ocular-dominance plasticity in visual cortex. Science 313, 1795–1800. doi: 10.
1126/science.1128232
Tansey, M. G., and Goldberg, M. S. (2010). Neuroinflammation in Parkinson’s
disease: its role in neuronal death and implications for therapeutic intervention.
Neurobiol. Dis. 37, 510–518. doi: 10.1016/j.nbd.2009.11.004
Tooyama, I., Kimura, H., Akiyama, H., and McGeer, P. L. (1990). Reactive
microglia express class I and class II major histocompatibility complex antigens
in Alzheimer’s disease. Brain Res. 523, 273–280. doi: 10.1016/0006-8993(90)
91496-4
Tschopp, J., Masson, D., and Stanley, K. K. (1986). Structural/functional similar-
ity between proteins involved in complement- and cytotoxic T-lymphocyte-
mediated cytolysis. Nature 322, 831–834. doi: 10.1038/322831a0
Van Kaer, L., Ashton-Rickardt, P. G., Ploegh, H. L., and Tonegawa, S. (1992).
TAP1 mutant mice are deficient in antigen presentation, surface class I
molecules and CD4–8+ T cells. Cell 71, 1205–1214. doi: 10.1016/s0092-8674(05)
80068-6
Wajant, H. (2002). The Fas signaling pathway: more than a paradigm. Science 296,
1635–1636. doi: 10.1126/science.1071553
Washburn, L. R., Zekzer, D., Eitan, S., Lu, Y., Dang, H., Middleton, B., et al. (2011).
A potential role for shed soluble major histocompatibility class I molecules as
modulators of neurite outgrowth. PLoS One 6:e18439. doi: 10.1371/journal.
pone.0018439
Wolf, Y., Yona, S., Kim, K. W., and Jung, S. (2013). Microglia, seen from the
CX3CR1 angle. Front. Cell. Neurosci. 7:26. doi: 10.3389/fncel.2013.00026
Wong, G. H., Bartlett, P. F., Clark-Lewis, I., Battye, F., and Schrader, J. W. (1984).
Inducible expression of H-2 and Ia antigens on brain cells. Nature 310, 688–691.
doi: 10.1038/310688a0
Wu, Z. P., Bilousova, T., Escande-Beillard, N., Dang, H., Hsieh, T., Tian, J., et al.
(2011). Major histocompatibility complex class I-mediated inhibition of neurite
outgrowth from peripheral nerves. Immunol. Lett. 135, 118–123. doi: 10.1016/j.
imlet.2010.10.011
Xu, H. P., Chen, H., Ding, Q., Xie, Z. H., Chen, L., Diao, L., et al. (2010).
The immune protein CD3zeta is required for normal development of neu-
ral circuits in the retina. Neuron 65, 503–515. doi: 10.1016/j.neuron.2010.
01.035
Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., and Pagani,
F. (2014). Deficient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat. Neurosci. 17, 400–406. doi: 10.
1038/nn.3641
Zhang, W., Dallas, S., Zhang, D., Guo, J. P., Pang, H., Wilson, B., et al. (2007).
Microglial PHOX and Mac-1 are essential to the enhanced dopaminergic
neurodegeneration elicited by A30P and A53T mutant alpha-synuclein. Glia 55,
1178–1188. doi: 10.1002/glia.20532
Zhang, J., Malik, A., Choi, H. B., Ko, R. W., Dissing-Olesen, L., and MacVicar,
B. A. (2014). Microglial CR3 activation triggers long-term synaptic depression
in the hippocampus via NADPH oxidase. Neuron 82, 195–207. doi: 10.1016/
j.neuron.2014.01.043
Zhang, W., Phillips, K., Wielgus, A. R., Liu, J., Albertini, A., Zucca, F. A.,
et al. (2011). Neuromelanin activates microglia and induces degeneration of
dopaminergic neurons: implications for progression of Parkinson’s disease.
Neurotox. Res. 19, 63–72. doi: 10.1007/s12640-009-9140-z
Zhang, A., Yu, H., He, Y., Shen, Y., Pan, N., Liu, J., et al. (2013a). The spatio-
temporal expression of MHC class I molecules during human hippocampal
formation development. Brain Res. 1529, 26–38. doi: 10.1016/j.brainres.2013.
07.001
Zhang, A., Yu, H., Shen, Y., Liu, J., He, Y., Shi, Q., et al. (2013b). The expression
patterns of MHC class I molecules in the developmental human visual system.
Neurochem. Res. 38, 273–281. doi: 10.1007/s11064-012-0916-9
Frontiers in Neuroanatomy www.frontiersin.org October 2014 | Volume 8 | Article 114 | 8
Cebrián et al. Role of MHC-I in neurons
Zhang, W., Zecca, L., Wilson, B., Ren, H. W., Wang, Y. J., Wang, X. M.,
et al. (2013c). Human neuromelanin: an endogenous microglial activator for
dopaminergic neuron death. Front. Biosci. (Elite Ed.) 5, 1–11. doi: 10.2741/
E591
Zhao, Y. N., Wang, F., Fan, Y. X., Ping, G. F., Yang, J. Y., and Wu, C. F. (2013).
Activated microglia are implicated in cognitive deficits, neuronal death and
successful recovery following intermittent ethanol exposure. Behav. Brain Res.
236, 270–282. doi: 10.1016/j.bbr.2012.08.052
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 27 June 2014; accepted: 23 September 2014; published online: 13 October
2014.
Citation: Cebrián C, Loike JD and Sulzer D (2014) Neuronal MHC-I expression and
its implications in synaptic function, axonal regeneration and Parkinson’s and other
brain diseases. Front. Neuroanat. 8:114. doi: 10.3389/fnana.2014.00114
This article was submitted to the journal Frontiers in Neuroanatomy.
Copyright © 2014 Cebrián, Loike and Sulzer. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroanatomy www.frontiersin.org October 2014 | Volume 8 | Article 114 | 9
